It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s) and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open content license (like Creative Commons).
Targeted movement of cells, nuclei, organelles, or intracellular substances is one of the most striking features common to biological systems. In animal cells, most types of movement are brought about by interaction between microtubules and motor molecules, i.e., kinesin or dynein (39) . Organelle movement in plant cells is essentially coupled to the interaction between actin filaments and myosin molecules (33, 36, 42) , although proteins resembling microtubule associated motor proteins have been found (1) . Actin filaments are conserved structures, which consist of a rather straight and unbranched strand of actin monomers with a polarity that dictates the direction of movement (6, 23, 32) . Single actin filaments of sometimes opposite polarity may be arranged into bundles. The use of anti-actin antibodies or specific markers for filamentous actin, like phalloidin, has revealed the presence of a dense network of actin filaments (6, 18, 31, 35) . Recent observations (17, 30) indicate that bundles of actin filaments in living plant cells also have a certain flexibility. Myosin molecules are capable of translocating particles over single actin filaments by a combination of energy consumption and conformational changes of the molecule (12, 26) . Many myosin molecules are located on the surface of cellular organelles (8, 20, 44) .
Pollen tubes, the long cylindrical cells through which the sperm cells move to the ovary, are favorite objects for the study of organelle movement (9, 10, 23, 25) and the cytoskeleton (5, 13, 15, 19, (22) (23) (24) 36, 37) . Early reports describe regular cytoplasmic streaming as a flow of the cytoplasm in distinct lanes through the tube. In lily (11) and tobacco (4) , for example, the streaming pattern is from base to tip and vice-versa in the tube and reverse fountain-like behind the tip. Application of video-enhanced contrast microscopy to these cells has shown that organelles move as individual elements with regards to their velocity, direction and movement pattern (9, 10, 25) .
Analysis of the movement patterns of organelles from different sources resulted in a preliminary classification (41) that distinguished three types of random movement, such as restricted Brownian motion, and eight types of active movement, such as continuous movement with constant or irregular velocity, saltatory movement, and interrupted movement with pauses and reversals of direction. These different types of movement suggest that organelle movement is not simply vectorial movement based on a continuous and constant interaction between microtubules or actin filaments and motor molecules.
Differences among movement patterns might be brought about by regulation of the motor molecules, by the morphology of the cytoskeleton, by mutual interaction between organelles (25) , by physical factors like viscosity or steric hindrance, or by superimposed random movement.
Although numerous descriptions of organelle movements exist, few studies contain numeric measurement. To our knowledge, this article is the first to provide a quantitative analysis of organelle movement in a plant cell. It presents a method to classify organelle movement patterns according to non-subjective criteria. In the first step, region-based curve analysis (43) is performed on the trajectory of each organelle. In this way, a single line is obtained, which is assumed to represent the basic track of the organelle along a single actin filament. In the second step, evaluation of the trajectory, projected on this hypothetical actin filament, gives quantitative features that allow identification and characterization of different modes of movement. In the third step, these quantitative data are employed to define an ordering in classes and a continuous ranking.
MATERIALS AND METHODS Data Collection
Pollen tubes of Nicotiana tabacum L. cv. Samsun were cultured in vitro (4) at 28°C for 1.5 to 2.5 h and transferred to a microscope slide. Samples were observed with an Univar microscope (Reichert-Leica, Vienna, Austria) using Nomarski differential interference contrast (DIC) optics in which organelles appeared as shadow-casted disks. Observations were done with a Plan Apo ϫ100 oil iris lens, NAϭ1.32 (Univar microscope), infinity corrected, an internal ϫ1.6 magnifying lens and two integrated heat filters. The optical x,y-resolution was about 0.21 µm and the depth of visibility about 0.6-0.8 µm. The movements of organelles in the median focal plane were recorded with video-enhanced contrast (VEC) techniques (16) . Sequences of the video recording were converted to series of timelapsed images with an interval of 0.40 s and a pixel size of 0.027 µm 2 (Fig. 1) . These digital images were further employed to determine interactively the positions of the organelles, i.e., the centre of the organelles image, by using a Video Image and Data Analysis System (VIDAS, version 2.1, Kontron; Eching, Germany) (2). The positions were collected with an accuracy of about 0.03 µm and reflected the position in the cell. Only organelle trajectories which could be observed for at least 2.40 s were included and measured as long as they were visible in the focal plane. A total of 81 organelles were measured in the apical 18 µm of the tip of a pollen tube with a diameter of 9 µm. The diameter of the organelles (average 0.40 µm) was estimated by comparison of their image with disks of known size (2) . The error of measurement in the diameter was estimated to 0.06 µm. The radius of the organelle is abbreviated to r org .
Region-Based Curve Analysis
In (43) a new method for motion analysis was introduced in which the two-dimensional region where the The arrow points at the measured organelle of which the centre was interactively marked with the cursor. c-g: Marked positions from previous images are copied onto the current image and the new position of the centre is marked. Scale bars: a ϭ 6 µm, b-g ϭ 1 µm. movement takes place is considered, in contrast to traditional methods that consider movement as a curve. In this paper we will elaborate on that approach by feature measurement and a classification scheme. We first briefly describe the method of region-based curve analysis performed with the SCIL_Image (Centre of Image Processing and Pattern Recognition; Delft, The Netherlands) image processing environment (38) .
• Time-lapsed (x,y) data are converted into a continuous curve l by linear interpolation of the points (Fig. 2a) .
• The region in which the organelle has moved is reconstructed by dilation of l with a disk with a radius equal to r org (Fig. 2b) . As a consequence, parts of the line closer together than the diameter of the organelle merge into a larger region. In practice, this is computed by viewing l as a two-dimensional image and placing a pixel grid on it with a grid constant significantly smaller than the distance between two observed points. A discrete distance transform is then used to compute for each grid point an approximation of the distance to l. Once this value is attained, the dilation can be computed by selecting all points with a distance smaller or equal to r org . The resolution of the applied pixel grid was higher than that of the VIDAS, and the latter, therefore, determines the accuracy of the following feature measurements.
• The resulting binary image is reduced to a one-pixelwide skeleton (Fig. 2c) . Again, the discrete distance transform is used for implementation; the skeletal line is formed by connecting the points which locally have maximal distance to the boundary of the region (for more details, see 7, 21) . Prior to skeleton computation, holes in the binary image of the movement region were removed because they interfere with formation of a skeleton consisting of a main line with side branches. In the resulting skeletal line, three types of points can be distinguished: end points, link points, and branch points (Fig. 2c) . End points have only one neighboring pixel in the skeletal line and therefore have a cardinality of 1. Link points have neighboring pixels on exactly two sides and a cardinality of 2. Branch points are connected to three or more pixels of the skeletal line and hence have a cardinality of at least 3.
• The structure of the skeleton corresponds to a graph structure where the vertices, defined by the set of end and branch points of the skeleton, are related by an edge if they are connected in the skeleton through a set of successive link points (Fig. 2d) . Note that the vertices have a cardinality and coordinates equal to the corresponding points in the skeleton. Edges are assigned the length along the link points of the corresponding skeletal line segment as an attribute, corrected for digitization effects, leading to a weighted graph structure.
• The longest path in the weighted graph represents the longest skeletal line (Fig. 2d) . On this basis, we further distinguish first-order lateral branches, which are connected to the longest path, second order lateral branches, which are connected to first-order lateral branches, and so on. The original positions of the trajectory are projected on the closest point of the longest skeletal line (Fig. 2e) . As a consequence each projection is characterized by three parameters: 1) a length parameter that gives the length along the link points of the longest skeletal line, 2) a parameter that gives the distance between original and projected position, and 3) a parameter that gives the distance of the projected position to the boundary of the binary image of the region. Since the original positions are ordered in a time-sequence, the length parameter also contains information on the direction of movement (forwards or backwards) with respect to the longest skeletal line (Fig. 2f) .
Quantification of the Movement Patterns
Features allowing quantification of the movement pattern were derived from the (weighted) graph structure, the movement direction on the longest skeletal line, and the distance between original position and longest skeletal line. The idea was conceived that the longest skeletal line represents the actin filament on which the movement is based. This interpretation leads to three biological criteria that can be used to differentiate in the feature analysis. i) An actin filament is a relatively straight, unbranched protein chain. ii) The polarity of the actin filament dictates the direction of movement. iii) The distance between an actin filament and the center of an attached organelle is maximally equal to r org . Possible displacements of the real actin filament underlying the movement (observations in living plant cells; D.D. Miller and E.S. Pierson, personal communications) are included in the shape of the hypothetical filament, which is derived from a time sequence of the organelle positions. The thickness of actin filaments (5-7 nm) and filament bundles can be neglected compared to the error in the measurement of organelle position and diameter. Programmes for the analyses were written with version 6.07 of SAS (Statistical Analysis System, SAS Institute, Inc., Cary, NC).
Features of the (weighted) graph structure. The graph structure provides a symbolic description of the movement trajectory. The following features were determined for each organelle.
• G1 is the total number of lateral branches of the first order. This feature gives all branch points of the longest path and indicates possible irregularities in the movement pattern.
• G2 is the corrected number of lateral branches. The length of first (and second) order lateral branches has to be Ͼ r org to be included in G2. These lateral branches indicate a movement partly without contact with the longest path.
• G3 is the total length of the edges in the longest path. A longer path length indicates a larger likelihood that the path indeed represents an actin filament.
• G4 is the angular deviation. All edges have a start and end vertex and, thus, an orientation denoted by the angle with the x-axis. The angular deviation is the difference in angle between the first and last edge in the longest path. A larger deviation indicates a more curved path and a lower likelihood that the path matches a single (straight) actin filament. Angular deviations can not be calculated for graph structures with only one edge (G1ϭ0).
Features of the movement direction along the longest skeletal line. The direction of the longest skeletal line is defined by the direction in which the largest movement distance is covered. Increase or decrease in the length parameter (with respect to longest skeletal line direction) indicates forward or backward directed movement at each position (Fig. 2f) . By definition, a displacement was assumed to be real when the region occupied by the organelle at a certain position had nothing in common with the region occupied at the starting position. In practice, the displacement distance then exceeded the size of the organelle diameter.
Features can be determined from the direction of movement at each position and, also, from the preservation of direction. The longer the movement in one direction, the higher the probability that this movement is generated by an actin-myosin interaction. Linear movement is defined as chronologically continuous movement in which the directional progression on the longest skeletal line exceeds a distance equal or larger to the diameter of the organelle. Movement is defined to be non-linear in all other cases. The following features were calculated for each organelle.
• M1 is the fraction of linear movement. The parameter is 1.00 for exclusively forward directed movement and zero for completely non-linear movement.
• M1b is the fraction of linear movement in backward direction. Linear movements in forward and backward direction may indicate movement along a bundle with actin filaments of opposite polarity.
• M2 is the number of stretches with linear and non-linear movement. The value is one if M1ϭ0.00 or M1ϭ1.00. Higher numbers indicate alternations of linear and non-linear movement.
• M3 is the mean distance covered during linear movement. The minimum value is equal to the organelle diameter, except when M1ϭ0.00, then it is zero. The longer the distance of linear movement, the more probable a stable actin-myosin interaction has occurred.
• M4 is the mean endurance time of non-linear movement. This feature is zero if M1ϭ1.00. The longer the time spent in non-linear movement, the smaller the probability of a close interaction between organelle and actin filament.
• M5 is the residual distance of the longest skeletal line. This feature gives the result of the length of the longest skeletal line plus the distance covered in the backward direction subtracted from the distance covered in the forward direction. M5 is zero if all movement in the backward direction is counteracted by movement in the forward direction. However, this is not the case if the organelle starts or ends its movement at a point along the longest skeletal line. Then, M5 gives the distance to the closest extreme point of the longest skeletal line.
• M6 is the number of times that the length of the longest skeletal line is covered. The feature has a value of one if M1ϭ1.00. A higher value denotes a movement pattern with forward and backward movement.
Features of the distance between original position and longest skeletal line. In comparison to the previous section, features can be determined from the distance between the organelle and the longest skeletal line at each position, but also from the preservation of filament attachment. Generation of movement by actin-myosin interaction is possible only if the organelle stays attached to the actin filament. Consistently filament-attached movement is defined as chronologically continuous movement in which the distances between organelle and longest skeletal line are Ͻr org during more than one second. The movement is non-filament-attached in all other cases. The following features were calculated for each organelle.
• F1 is the fraction of the movement time that the organelle is consistently filament-attached. The feature is 1.00 if the organelle remains attached to the filament during the total duration of the trajectory. A lower value indicates that part of the movement pattern is more than r org removed from the longest skeletal line.
• F2 is mean endurance of consistently filamentattached movement. This feature equals the observation time if F1 is 1.00. The longer the attachment to the filament lasts, the more probable it is that strong the organelle-filament interaction has occurred.
Classification Strategy
Hierarchical classification and continuous ranking was applied to movement patterns according to the strategy in Fig. 3 .
• Movement pattern with complete consistently filament-attached movement (F1ϭ1.00) were used directly. Patterns with partly non-filament-attached movement (F1Ͻ1.00) or with lateral branches (G2Ͼ0) were dissected and re-analyzed to give two or more longest skeletal lines where F1ϭ1.00 for all of them (for reasoning, see discussion on classification strategy). The combined values of the separate parts were used in the following steps.
• The primary classification is based on the presence of actin-myosin generated, and thus linear, movement. Three classes are distinguished based on the fraction of linear movement: exclusively linear (M1ϭ1.00, primary class 1); combined (0.00ϽM1Ͻ1.00, primary class 2); and nonlinear (M1ϭ0.00, primary class 3) movement.
• Partly linear movement (primary class 1 and 2) is directed by the polarity of the actin filament. The presence of linear movement in a backward direction (M1bϾ0.00) distinguishes the secondary class, 1.2 and 2.2, of patterns containing movement on more than one filament. The number of longest skeletal lines in dissected and reanalyzed patterns also defines the secondary class.
• M2, the index for the number of linear and non-linear stretches in one pattern, is the next criterium for classification. It distinguishes the final classes (2.1.2, 2.1.3., and so on) on the alternation in movement type.
• To obtain a ranking order among the organelles present in these classes, G3, the length of the longest skeletal line, was used. Ranking was done for each class separately in descending order.
RESULTS
The above-described method was used to analyze and classify the trajectories of 81 organelles, collected without preferences while moving in the apical 18 µm of a Nicotiana tabacum pollen tube. An example showing the first six time lapse positions of an organelle is shown in Figure 1 . Various aspects of the derived features and classification strategy are illustrated by ten example trajectories ( Fig. 4; see Tables 1-4) .
Region-Based Curve Analysis
Most trajectories were adequately described by their graph structures and longest skeletal lines. The graph structure sometimes gave a greatly reduced pattern (examples: Fig. 4b7 and 4b10) or showed a high degree of similarity between the longest skeletal line and the trajectory (example: Fig. 4a6 and 4c6 ). Incidently, a description which seemed too complex was found (example: Fig.  4b2) .
Features of the Weighted Graph Structure
The weighted graph structures of the example movement patterns are presented in Figure 4b1 -10 and their feature values in Table 1 . Lateral branches were observed in eight of the ten graphs (G1 Ͼ 0), but, as the G2 value indicates, only one organelle, 2, showed movement without contact with the longest path. G3 values represented the longest path length. Organelle 7 had the shortest longest path length (G3ϭ0.37 µm), which was just larger than the organelle diameter (0.33 µm). No angular deviation (G4) could be calculated in the cases of organelle 6 and 9 since their graph had only one edge. The large curve in the graph of organelle 5 (G4ϭ119°) indicated a considerable change in direction. The angular deviation of organelle 1 seems too large, but was caused by a short end-edge. None of the graphs in Figure 4b1 -10 showed a second-order lateral branch, but an example can be seen in Figure 2d .
In the set of 81 organelles, 16 had a G1 value of 0, and the maximum G1 value was 5. Only seven organelles had a G2 value of 1 or 2, leaving 74 organelles with G2ϭ0. Values for G3 ranged from 0.16 to 11.48 µm. The angular deviation (G4) had values between 1 and 192°. G4 could not be determined in 16 cases. Second-order lateral branches were seen in six graph structures. They all had lengths smaller than r org and, thus, did not represent serious deviations from the first-order lateral branch.
Features of the Movement Direction
Features M1 to M6, derived from the direction of movement on the longest skeletal line, are shown in Table  2 for the ten selected organelles. Three examples showed exclusively forward directed movement (M1ϭ1.00: organelle 3, 6, and 9), leading to one movement stretch (M2ϭ1) per pattern and a length of linear movement (M3) equal to G3. Organelle 7 showed total absence of linear movement (M1ϭ0.00), which also led to M2ϭ1 and to an endurance of non-linear movement (M4) equal to the observation time (see also F2). The other examples showed partly linear movement divided over two to six stretches (M2), and with a value for both the (mean) length of linear movement (M3) and the (mean) endurance of non-linear movement (M4). Three organelles (1, 2, and 10) traversed about a third of their distance in linear movement in backward direction (M1b). Note that organelle 8 has a value for M3 equal to G3 although it was partly linear (M1ϭ0.43). Organelle 5 has a non-linear movement stretch of 0.40 s, which is equal to one position. Examples of a return movement (M5) to the beginning (organelles 1 and 10) and from the end (organelles 2 and 8) of the longest skeletal line were seen. M6, ratio of the length along the interconnections between the projected positions and the length of the longest path, provided a measure of reduction. The presence of small lateral branches could indicate irregularities in the mode of movement and, thus, a relation between the M1, M2, and G1 was anticipated. However, no such relation was found. An organelle (for example, organelle 3) with two small lateral branches (G1ϭ2) could have complete linear movement (M1ϭ1.00, M2ϭ1), while another organelle (for example, organelle 10) with two small lateral branches (G1ϭ2) had four stretches of movement (M2ϭ4) and was partly linear (M1ϭ0.73). Hence, small lateral branches do not indicate irregularities in the mode of movement.
Seventeen of the eighty-one organelles had a M1 value of 1.00, 17 organelles had a value of 0.00, and intermediate fractions were found for 47 organelles. 81 organelles. M6 was 1.00 for the 17 organelles with M1ϭ1.00 and the maximum was 3.07.
Features of the Attachment to the Filament
The movement was not consistently filament-attached for one of the ten example organelles (Table 3, organelle  2 ). This organelle also had two lateral branches counted in G2. Values of F2 (time spent in consistently filamentattached movement) were equal to the observation time when F1ϭ1.00. No relation was seen between F2 and the fraction of non-filament-attached movement (1-F1) .
Seventy-four out of eighty-one organelles had a consistently filament-attached behavior (F1ϭ1.0). Organelles with non-filament-attached movement (F1 Ͻ 1.00) always also had lateral branches (G2Ͼ0). Feature F1 can thus replace feature G2. The lowest F1 value was 0.56 and its complement (1-F1) is a measure for the magnitude of the non-filament-attached movement. F2 ranged from 2.00 to 23.20 s.
Classification
The classification of the ten example organelles is given in Table 4 . Except for organelle 2, the values of features M1, M1b, M2, and G3 from Tables 1 and 2 were used to determine the classes. Organelle 2 (F1Ͻ1.00) was dissected in two parts and re-analyzed, after which the combined values of both parts were used for the classification. Organelles 3, 6, and 9 belonged to the same class 1.1.1 and were separated by their longest path length. The trajectory drawings of organelles 3 and 4 seem similar in Figure 4a3 and 4a4 but belonged to different primary classes: 1 and 2, respectively. Organelles 7, 8, and 10 all seemed to be examples of Brownian-like movement but in fact, only organelle 7 had no linear movement and belonged to primary class 3. Yet, organelles 8 and 10 were different in their secondary class, because organelle 10 also had linear movement in a backward direction. These two examples show the discriminatory power of the linear *G1, total number of lateral branches of the first order; G2, number of lateral branches with a length Ͼ r org . G3, total length of the edges in the longest path; G4, angular deviation, difference in angle between the first and last edge of the longest path; ND indicates that a value could not be determined which happens when G1 ϭ 0. *M1, fraction of the linear movement calculated over the distance along the longest skeletal line; M1b, fraction of linear movement in backward direction; M2, number of stretches with linear and non-linear movement; M3, mean distance covered during linear movement; M4, Mean endurance time of non-linear movement; M5, residual distance on the longest skeletal line; M6, number of times that the length of the longest skeletal line was covered. *F1, fraction of the movement time that the organelle was consistently filament-attached; F2, mean endurance of consistently filament-attached movement. Table 4 Classification of the Organelles in Figure 4 and Tables 1 and 3 *The organelles are listed in their final order. Primary class: 1, M1 ϭ 1.00; 2, 0.00 Ͻ M1 Ͻ 1.00; 3, M1 ϭ 0.00. Secondary class: 1, M1b ϭ 0.00; 2, M1b Ͼ 0.00. Tertiary class: index is value of M2. G3, length of the longest skeletal line. The ranking order of G3 was descending.
a Value is the total for both parts after separate reanalysis.
movement features M1 and M1b in the classification of organelle movement patterns. For 74 of the 81 organelles, the classification was straight forward (Table 5) . Five of the seven organelles with non-filament-attached movement (F1Ͻ1.00) were dissected in two or three parts and re-analyzed (see discussion for reasoning). These trajectories are marked by an a in Table 5 . Two trajectories could not be dissected in a meaningful way and were not classified.
DISCUSSION

Region-Based Curve Analysis
Region-based curve analysis gave good symbolic descriptions of the movement patterns. The merit of this technique is also that an often complex trajectory is simplified to a single line. The sampling time of 0.40 s caused interpolation of the trajectory over large distances for fast moving organelles. Consequently, the shape of the trajectory and the longest skeletal line were similar. A smaller time interval between measured positions would yield more information on the original trajectory and result in a more detailed symbolic description.
Holes in the binary images of the movement regions were removed before skeletization to obtain a single longest path. This could result in a description which seems too complex (see organelle 2). A solution may be obtained by dissecting the trajectory into two or more parts that together enclose the hole and by reconstituting the longest skeletal line of the original trajectory from each longest path.
Reduction of the binary movement regions to a single pixel line sometimes gave a small, almost symmetric furcation at the end of the graph structure. As a standard, the longest edge was included in the longest path which could result in a relatively large angular deviation, as for organelle 1. Alternatively, choosing the edge with the smallest difference in angle with the neighboring edge is recommended, when the difference in length between the edges of the furcation is small.
Detection of curvature in the longest path is an important aspect of the symbolic description. The angular deviation (G4) considers the shape of the curve by looking at its vertices only. Hence, it does not take into account the local shape of the curve. However, organelles with very smooth changes in direction of movement could still make considerable curves that were not detected by G4, since this feature depends on the presence of vertices with a cardinality of 3 or more (see organelle 9).
Pattern Analysis and Data Collection
Under the applied method of data collection, the trajectory start and end points were determined by the visibility of the organelle in the focal plane. The length of the trajectory and the observation time (F2 when F1ϭ1.00) are thus chance occurrences and differ among the movement patterns. It follows that the values of features like G3, M2, and M5 are clipped while other features like G1, M3, and M4 are coupled to the trajectory distance or the observation time. Normally, either uniform observation times or lengths would be required to obtain patterns suitable for comparisons. However, organelle movement patterns, taken from the median focal plane of the cylindrical pollen tube, are random samples from the total organelle movement and thus comparable as such. The 81 organelles analyzed in this report were representative for the organelle movement in the tip of a Nicotiana tabacum pollen tube.
Does the Longest Skeletal Line Predict the Actin Filament?
The values of some of the features indicate the probability that the initial hypothesis (the longest skeletal line predicts the actin filament along which the movement takes place) is correct. The most compelling requirement is a constant attachment between organelle and actin filament expressed by completely consistent filamentattached movement (F1ϭ1.00) and no lateral branches longer than r org (G2ϭ0). Seventy-seven of the eighty-one tested organelles matched these criteria. Examination of the trajectories of the other seven organelles led to the suggestion that their movement could be generated by more than one actin filament (see next section for elaboration of this idea).
The next important requirement for actin-myosin generated movement is the presence of movement in one ongoing direction on the filament, expressed by the fraction of linear movement (M1Ͼ0.00). This requirement was completely fulfilled for 17 organelles (M1ϭ1.00), while another 40 organelles had a partly linear pattern (0.00ϽM1Ͻ1.00). Among the last 40 organelles, four organelles showed linear movement in two directions, which suggests that their longest skeletal line represents a bundle of filaments with opposite polarity. The probability of actin-myosin generated movement was proportional to the length of the linear movement (M3). No linear movement (M1ϭ0.00) was detected in the movement patterns of 17 organelles. Thus, it is not likely that their longest skeletal line predicts the actin filament on which the movement was based, if the movement was actin-myosin generated at all. The shape of the longest skeletal line is also a factor to consider. Fluorescent labeling of actin filaments showed only smooth changes in filament orientation (15, 22, 24, 37) . The angular deviations (G4) in the longest skeletal line should conform to these observations. Although recent publications indicated a certain flexibility of bundles of actin filaments in living plant cells (17, 30) , no quantitative measurements have been done. Assuming that curves in an actin filament can reach up to 90°, values for G4 with more than 90°decreased the probability of filament prediction. Eight out of fifty-seven organelles with linear movement showed such a large curve in their longest path. An explanation for such large angular deviation might be, the organelle jumping onto another nearby filament.
In conclusion, the longest skeletal line has a high probability of predicting the actin filament on which the movement is based if F1ϭ1.00, M1ϭ1.00, and G4Յ90°T he lowest probability is given by F1Ͻ1.00, M1ϭ0.00, and G4Ͼ90°.
Classification Strategy
The classification strategy presented in this paper is based on quantitative values extracted from a symbolic morphological description of the movement pattern so that interpretation differences among observers are avoided. In principle, each derived feature, or combination of features can be used to classify the movement patterns. The wide range of features makes it possible to classify and rank even nearly similar movement patterns; the choice depends on the aim. Here, the chosen features (see Fig. 3 ) indicate the probability that the longest skeletal line is an actin filament. Before classification, the F1 value was examined and trajectories with partly nonfilament attached movement (F1Ͻ1.00) were isolated. An F1 value of one was obtained for five of the isolated trajectories after they were dissected into two parts on the most extreme x-coordinate, and the two parts were re-analyzed separately. This dissection is based on the knowledge that most actin filaments are aligned more or less parallel to the x-axis (the long axis of the pollen tube). Examination of the isolated trajectories suggested that the movements in these trajectories could have jumped to a crossing or nearby filament with opposite polarity. Dissection at the most extreme x-coordinate provided an objective criterium to increase the number of classifiable organelles.
Primary classes were formed according to M1 which, in simplified terms, indicates whether the movement is vectorial, random, or a combination of both. Secondary classes were made on the basis of the putative number of actin filaments used for movement generation, as appeared from a M1bϾ0.00 value or from two (three) longest skeletal lines after dissection. Tertiary classes based on the number of linear and non-linear stretches (M2) respond to the logic that a pattern with only one alternation in movement is closer to an exclusively actinmyosin generated movement than a pattern with several alternations. Alterations from linear to non-linear movement could reflect obstructions of the path along the actin filament by other organelles or cytoskeletal elements. A further subdivision in the classification, for instance, using G4Ͼ90°or M5Ͼ0.00, could be used to highlight other aspects of the mechanism of movement. The presence of direction changes in the path could point to the presence of aligned or crossing actin filaments. For continuous ranking in the tertiary classes, we used the length of the longest skeletal line (G3), following the rational that a longer length indicates a higher probability that the skeletal line predicts an actin filament. Plotting the longest skeletal lines at their position in the cell will give an impression of the organization of the actin filaments.
Primary class 2 matches movement patterns described by Rebhun (27, 28) as ''saltatory.'' Our classification further matches the preliminary classification given by Weiss et al. (41) in the following way: primary class 1 matches continuous movement type I and II, secondary class 2.1 matches interrupted movement type I, secondary class 2.2 matches interrupted movement type II, and primary class 3 matches restricted Brownian motion.
Koles et al. (14) and Weiss and co-workers (40, 41) proposed a quantitative method to analyze the velocity in their attempts to classify organelle movements based on movement generation type. Their analysis procedure starts off with reconstruction of the underlying microtubule by linear regression. If region-based curve analysis is used to find the underlying filament, their procedure can be used to analyze non-straight movement patterns as well.
Our classification strategy implies a certain order among and within the classes. It is possible to give a rank score to the organelles as a symbolic indication of the probability that the movement is actin-myosin generated. Of course, this indication of the probability is only relevant within the population of analyzed patterns, but comparison of the rank scores could be used to separate sub-populations quantitatively, e.g., in different areas of a pollen tube. Classification of movement patterns can elucidate changes in the cytoplasmic organization when studying cells at various developmental stages (3), under different physiological conditions (34) , or after treatment with cytoskeletal inhibitors (29) . The method could be integrated in cell viability tests. The presented approach can be applied to other types of moving particles from biological or other sources, such as cell displacements, walking insects, or drifting molecules on metal surfaces. 
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